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rather than this first ATG in the ark1 ORF that was
utilized to generate Ark1 protein (see Figure S1 in the
Supplemental Data available with this article online). The
Ark1 protein sequence started with the sequence MSD
29 residues after the MVL start point that had previously
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been assigned to the Ark1 protein [8, 9] (Figure 1A). WeUniversity of Manchester
generated a conditional “ark1 shut off strain” in whichManchester M13 9PL
ark1.1 cells were kept alive by expression of the correctUnited Kingdom
reading frame fused to the Pk epitope tag (ark1.PkC)
from pRep82ark1.PkC. This strain formed colonies when
the nmt82 promoter was on, but not when it was re-Summary
pressed (Figure 1B). A total of 6 hr after repression of
ark1.PkC transcription in liquid culture, there was a dra-The spindle checkpoint inhibits anaphase until all
matic rise in the frequency of abnormal mitoses thatchromosomes have established bipolar attachment.
culminated in the “cut” phenotype (Figure 1C). Ana-Two kinetochore states trigger this checkpoint. The
phase spindles pulled out strands from a central massabsence of microtubules activates the attachment re-
of undivided chromatin; this configuration gave thesponse, while the inability of attached microtubules
“stretched chromatin” phenotype (Figure 1D), which isto generate tension triggers the tension/orientation
the predominant phenotype of germinating ark1.1response [1, 2]. The single aurora kinase of budding
spores [7]. All mitoses were defective, and Ark1 wasyeast, Ipl1, is required for the tension/orientation, but
undetectable 8 hr after repression of Ark1.PkC (Figuresnot attachment, response [3]. In contrast, we find that
1C and 1E).the single aurora kinase of fission yeast, Ark1, is re-
We next determined the consequences of overexpres-quired for the attachment response. Having estab-
sion of ark1 and ark1.K118R, in which a lysine to argi-lished that the initiator codon assigned to ark1 was
nine change should severely compromise Ark1 kinaseincorrect and that Ark1-associated kinase activity de-
activity. The nmt1 promoter is about 1000 timespended upon survivin function and phosphorylation,
stronger than the nmt82 mutant version that was used to
we found that the loss of Ark1 from kinetochores by
maintain the ark1 shut off strain [10]. nmt1-mediated
either depletion or use of a survivin mutant overides overproduction of ark1 did not affect growth (Figure
the checkpoint response to microtubule depolymeri- 1F, strain 2), whereas overexpression of ark1.K118R
zation. Ark1/survivin function was not required for the blocked colony formation (Figure 1F, strain 3). Induction
association of Bub1 or Mad3 with the kinetochores. of ark1.K118R in liquid culture promoted the “stretched
However, it was required for two aspects of Mad2 chromatin” anaphase phenotype seen upon depletion
function that accompany checkpoint activation: full- of Ark1.PkC and germination of ark1.1 spores (Figure
scale association with kinetochores and formation of 1G) [7]. In addition, the spindle poles did not reach the
a complex with Mad3. Neither the phosphorylation of cell tips before the postanaphase array of microtubules
histone H3 that accompanies chromosome condensa- that forms during mitotic exit appeared (Figure 1G) [11],
tion nor condensin recruitment to mitotic chromatin and this finding indicated either that anaphase B spindle
were seen when Ark1 function was compromised. elongation was impaired or that mitotic exit was prema-
Cytokinesis was not affected by Ark1 depletion or ex- ture. Mitotic errors have also been reported following
pression of the “kinase dead” ark1.K118R mutant. overexpression of an Aurora-B “kinase dead” mutant in
NRK cells [12]. Our results differ significantly from a
Results and Discussion previous study in which the incorrect, first ATG was
placed directly under the control of the nmt1 promoter
Ablation of Ark1 Function Affected Chromosome to induce overproduction of native and kinase dead ver-
Resolution during Anaphase, but Not Cytokinesis sions of Ark1 that were 29 amino acids longer than the
Aurora kinases regulate several distinct mitotic events, wild-type molecule we induced here [9]. Induction of
ranging from spindle formation through to the contrac- either larger protein did not affect mitosis, but the kinase
tion of the cytokinetic ring (for a review, see [4–6]). In dead version delayed the later stages of septation. In-
higher systems, two distinct kinases, aurora-A and au- duction of ark1 or ark1.K118R did not induce any cyto-
rora-B, regulate this range of different mitotic processes. kinesis defects. On the contrary, ark1.K118R overex-
The processes regulated by the single aurora kinase of pression generated a “cut” phenotype in which the
fission yeast, Ark1, represent a combination of the events unsegregated DNA was randomly cleaved by a normal
septation event. It therefore seems unlikely that Ark1that are regulated by aurora-A and aurora-B kinases in
plays a major role in controlling cytokinesis.higher systems [7]. We wanted to generate conditional
mutations in ark1 that we could use to ablate Ark1 func-
Ablation of Ark1 Function Blocked Histone H3 S10tion and address the specific roles of this kinase. While
Phosphorylation and the Mitotic Recruitmentpursuing this goal, we established that it was the second
of Condensin to Chromatin
The stretched chromatin phenotype seen in ark1.1*Correspondence: jpetersen@picr.man.ac.uk (J.P.), ihagan@picr.
man.ac.uk (I.M.H.) germinating spores is associated with a reduction in the
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Figure 1. The Ark1 Translation Start and Requirement for Ark1 during Anaphase Chromosome Resolution, but Not in Cytokinesis
(A) Cartoons of the constructs used in this study indicating the correct (MSD…) and the previously assigned, incorrect (MVL…) translation
start site.
(B) A spot test of the ark1 shut off strain (IH2452) induced (top; ON) or repressed (bottom; OFF).
(C) The kinetics of cut and normal divisions following ark1 repression at t  0 min.
(D) Immunofluorescence 8 hr after repression of ark1. Upper panel; Sad1 SPB staining (red) and DAPI staining of chromatin (green). Lower
panel; DAPI/DIC.
(E) Western blot analysis of whole-cell extracts prepared by TCA precipitation of samples taken from the 8 hr time of the culture shown in
(C). Ark1.PkC protein was not detected after repression.
(F) Expression of ark1.K118R (IH2683) (3), but not ark1 (IH2682) (2), from the nmt1 promoter of pRep1 (1)-inhibited colony formation.
(G) Immunofluorescence following induction of pRep1-Ark1.K118R for 18 hr. 1: SPB/microtubules in (red/green), 2: SPB/chromatin in (green/
blue), and 3: DAPI/DIC.
phosphorylation of serine 10 of histone H3 [7]. Because panied an unperturbed mitosis (Figures 2A1, 2B1, and
2C1) was not seen upon induction of the kinase mutant.this modification has been linked to chromosome con-
densation [13] and because Ark1 immunoprecipitates Neither marker associated with the chromatin of ana-
phase “stretched chromatin” cells (Figures 2A2 andpossess histone H3 serine 10 (S10) kinase activity [7],
the stretched chromatin phenotype in Ark1 depletion 2B2). Simultaneous localization of condensin and the
spindle pole maker Sad1 showed that Cut3 also failedmay result from defects in chromosome condensation
that are a consequence of the inability of Ark1 to phos- to accumulate in many early mitotic cells (Figure 2C2),
while, in an unperturbed mitosis, Cut3 always associ-phorylate serine 10 of histone H3. This, in turn, may
affect the recruitment of the condensin complex that ated with chromatin by this time, when two distinct SPBs
could be seen (Figure 2C1). Identical results were seenincludes the Cut3 protein [14]. Condensin is required
for mitotic chromosome condensation and accumulates when Ark1 function was abolished by the “shut off”
approach (Figure 2E). The nuclei of cells with theon chromatin during mitosis [14].
The potential link between Ark1, histone H3 phosphor- stretched chromatin phenotype that arises from Ark1
depletion (Figure 1D) lacked histone H3 serine 10 phso-ylation, and Cut3 recruitment was investigated by ablat-
ing Ark1 function through depletion of the wild-type pro- phoepitopes and condensin (Figure 2E). We concluded
that Ark1 activity was required for histone H3 phosphor-tein or overexpression of ark1.K118R. The rise in histone
H3 phosphorylation and Cut3 recruitment that accom- ylation and the recruitment of condensin in S. pombe.
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Figure 2. Ablation of Ark1 Function Blocked the Mitotic Enhancement of Histone H3 S10 Phosphorylation and the Mitotic Recruitment of
Condensin to Chromatin
In all panels, “1” indicates overexpression of wild-type ark1, plasmid pRep1-Ark1 (IH2682, IH 2684), and “2” indicates overexpression of
ark1.K118R, plasmid pRep1-Ark1.K118R (IH2683, IH2685).
(A–C) Histone H3 phosphoserine 10 (H3SP) and Cut3-HA (condensin) immunofluorescence as indicated. The stretched chromatin phenotype
was accompanied by a failure to localize both H3SP and Cut3-HA (arrows). (C) Cut3-HA did not associate with chromatin when pRep1-
Ark1.K118R expression was induced. Sad1 SPB staining showed that cells were in early mitosis.
(D) Overexpression of wild-type ark1 generated a minor population of short cells, some of which had strong histone H3 phosphorylation,
Cut3 on the chromatin, and separated SPBs, and others with two nuclei.
(E) Cut3-HA did not associate with chromatin, and histone H3 was not phosphorylated on serine 10 of cells in which Ark1 had been depleted
from the ark1 shut off strain (IH2814) to a sufficient degree to confer a stretched chromatin phenotype (arrows).
Ablation of aurora-B in C. elegans abolishes the associa- but significant, phenotype, as 3% of the population com-
prised short cells with strong histone H3 phosphoryla-tion of condensin with chromatin in metaphase [15].
Here, we see an earlier defect, with no condensin recruit- tion and condensin on the chromatin (Figure 2D). These
short uninucleate cells had separated SPBs. Becausement during the earliest stages of mitotic commitment.
Our data are consistent with observations in Drosophila short binucleate cells were also seen, the short cells are
indicative of a premature commitment to mitosis.that show a correlation between histone H3 phosphory-
lation and condensin recruitment [16], rather than those
in Xenopus extracts that suggest that there is not a Ark1-Associated Kinase Activity Was Dependent
upon Survivin Function and Phosphorylationcorrelation between histone H3 phosphorylation and
chromosome condensation [17, 18] Aurora-B kinases are found in a complex with the chro-
mosome passengers survivin and INCENP [19, 20]. TheOverexpression of wild-type ark1 revealed a minor,
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Figure 3. Survivin Function and Phosphory-
lation-Regulated, Ark1-Associated Kinase
Activity
(A and B) The septation profile of (A) wild-type
(IH 2036) and (B) cut17.275 (survivin) (IH2681)
cells in which cell cycle progression had been
synchronized by the HU arrest release proto-
col. The black points in (A) and (B) indicate the
samples that were processed for the Ark1-
associated histone H3 serine 10 kinase
assays shown in (C).
(C) The upper panels show the Ark1.PkC lev-
els in the kinase assays, while the lower pan-
els show the degree of phosphorylation of
histone H3 serine 10. Ark1-associated kinase
activity did not increase in cut17.275 (sur-
vivin) during mitosis and septation (C1), while
it did increase in the wild-type control (C2).
(D) Treatment of Ark1.PkC precipitates (IH2036)
with  phosphatase-abolished kinase activity.
(E) Ark1.PkC migrated as two spots in two-
dimensional SDS-PAGE (left panel).  phos-
phatase treatment greatly reduced the inten-
sity of the right-hand spot (right panel).
addition of recombinant GST-survivin to aurora-B kinase strain and the conditional survivin mutant to study Ark1/
assays stimulates aurora-B kinase activity [19], and Au- survivin function in the spindle checkpoint response.
rora-B activity is dependent upon phosphorylation [17, Specifically, we asked whether compromising Ark1/sur-
19]. S. pombe contains the INCENP and survivin homo- vivin would mimic the consequences of inhibiting Ipl1p
logs, Pic1 and Pbh1/Cut17/Bir1, respectively [9, 21, 22]. in S. cerevisiae by arresting mitosis when microtubules
When grown at 36C, cut17.275 cells fail to condense had been depolymerized [3], or whether cells would
their chromosomes, fail to recruit Ark1 to kinetochores, exit mitosis and so mimic the response to ablation of
and display the same defect in the completion of spindle aurora-B in Xenopus culture cells [23]. Cells were syn-
elongation that arises from compromising Ark1 function chronized by transient arrest in early S phase through
[21]. They also showed no strong staining for the histone incubation in Hydroxyurea (HU) for 5 hr. An hour after
H3 phosphoepitope in cells with stretched chromatin release, the culture was split into two and the microtu-
(data not shown). We therefore asked whether compro- bule-destabilizing drug carbendazim (CBZ) was added
mising survivin function with the cut17.275 mutation to one half, while solvent alone was added to the other.
would affect the Ark1-associated kinase activity in im- Septation was monitored to follow progression through
munoprecipitates from mitotic cells. Synchronized wild- mitosis. Such CBZ treatment reduced microtubules to
type and cut17.275 populations were followed through short stubs at the SPBs, while kinetochores were scat-
mitosis and septation at 36C (Figures 3A and 3B). The tered throughout the nuclei of mitotic cells (Figure S2).
mitotic enhancement of Ark1-associated in vitro kinase Wild-type cells to which CBZ was added activated
activity (Figure 3C2, [7]) was abolished by the cut17.275
the spindle attachment checkpoint, arrested in mitosis,
mutation (Figures 3C1 and 3C2). It was also abolished
and did not septate (Figure 4A1). In contrast, mad2.when immunocomplexes from mitotic wild-type cells
cells, which lack a checkpoint response [24], septatedwere treated with  phosphatase, but was unaffected
in both the presence or absence of CBZ (Figure 4A).when phosphatase inhibitors were included in the reac-
The Ark1 shut off strain arrested cell cycle progression intion (Figure 3D). Ark1.PkC, which had been immunopre-
response to microtubule depolymerization when ark1cipitated from mitotic cells, migrated as two spots in
was expressed; however, when Ark1 was depleted, ittwo-dimensional SDS-PAGE. Phosphatase treatment vir-
behaved as a checkpoint-defective strain and septated.tually abolished the most acidic of these two spots, indi-
The survivin mutant cut17.275 also failed to elicit acating that Ark1 itself is a phosphoprotein (Figure 3E).
checkpoint response. Interestingly, cut17.275 cells lacked
a checkpoint response at a temperature (25C) at whichCompromising Ark1/Survivin Function Abolished
the condensation function of Ark1/survivin was intact.the Cell Cycle Delay in Response
Ark1 does not associate with the kinetochores at 25Cto Microtubule Depolymerization
[21]. In all three cases of checkpoint override (mad2.,Having established a functional interdependence be-
tween Ark1 and survivin, we used the ark1 shut off ark1 shut off, and cut17.275), the septation that accom-
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Figure 4. Ark1/survivin Function Was Required for the Accumulation of Mad2-GFP on the Kinetochores, Formation of the Mad2/Mad3 Complex,
and the Spindle Checkpoint Attachment Response
(A) Cell cycle progression of the indicated strains (IH365, IH1307, IH2251, IH2452 IH2471, IH2504, IH2686, IH2687, IH2688, or IH2689) was
synchronized (see text), and one half of the culture was treated with the microtubule-depolymerizing drug CBZ. Repression of ark1 by
thiamine is indicated by OFF. Transcription of ark1 due to the absence of thiamine is indicated by ON. (A1) The spindle checkpoint of wild-
type cells stopped the septation index from rising following the addition of CBZ . The mad2. mutation abolished the spindle checkpoint.
Septa appeared in the ark1 OFF and cut17.275 strains with kinetics that were very similar to those in the checkpoint-defective mad2.. (A2–A4)
Association of (2) Bub1-HA, (3) Mad3-GFP, or (4) Mad2-GFP with kinetochores. Level 2 Mad2-GFP signals (see text) were scored. All three
proteins transiently associated with kinetochores during a normal mitosis and accumulated upon CBZ treatment. The frequency of cells with
Bub1-HA and Mad3-GFP on kinetochores was marginally higher in Ark1-depleted cells than in a wild-type mitosis (left-hand column). This is
probably due to the 20-min delay (seen in A1) in mitotic progression of all drug-treated, checkpoint-deficient strains (see text). Comparison
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panied the checkpoint override occurred 20 min later in response to microtubule depolymerization when Ark1
had been depleted. GFP-specific antibodies precipi-than the nontreated control. This residual delay is proba-
bly due to the checkpoint function of the septum initia- tated Mad3-GFP from HU-synchronized, CBZ-chal-
lenged mitotic cells, and blots of these precipitates weretion network (SIN) [25]. The GAP complex that restrains
the SIN is required to maintain high MPF activity when probed with Mad2 antibodies [29]. Mad2 did coprecipi-
tate with Mad3 in extracts from CBZ-treated cells whenmicrotubules are depolymerized [25]. Unfortunately, the
only means by which this GAP can be inactivated in- Ark1 was present; however, this association was not
seen when Ark1 had been depleted (Figure 4B).duces septation at any point in the cell cycle [26]; there-
fore, we cannot address whether SIN is responsible for
this 20 min delay.
Accumulation of Mad2, but Not Bub1 and Mad3,We sought confirmation that the septation event that
on Kinetochores in Response to Microtubuleoccurred when Ark1/survivin was compromised was in-
Depolymerization Required Ark1/Survivindicative of a true spindle checkpoint override rather than
The recruitment of spindle checkpoint components topremature induction of septation. If it was a checkpoint
the kinetochore is a sensitive assay of the integrity ofoverride, anaphase events should occur before septa-
the spindle checkpoint. Tagged versions of the spindletion. Whereas, if it was a premature septation event, then
checkpoint components Bub1, Mad3 (homolog of BubR1,)anaphase events would not occur before the septum
and Mad2 associate with S. pombe kinetochores [29–randomly cleaved the nucleus in two. In wild-type cells,
31]. Mad2-GFP shows two levels of kinetochore stain-Plo1 shows strong SPB staining from mitotic commit-
ing. The lower level (Figure 4E1, referred to here as levelment to anaphase, while the B-type cyclin, Cdc13,
1) is most frequent in unperturbed mitoses, whereasaccumulates in the nucleus before disappearing upon
the stronger staining (level 2, Figure 4E2) is seen uponcommitment to anaphase B [27, 28]. Both markers dis-
microtubule depolymerization. In other words, the accu-appeared before septation in CBZ-challenged, Ark1-
mulation of Mad2 on unattached kinetochores increasesdepleted, or cut17.275 cells (Figure S3). This established
the intensity of staining from level 1 to level 2.that Ark1-depleted cells were unable to establish a
As Ark1/survivin function was required for the spindlecheckpoint and went through anaphase. Furthermore,
checkpoint, we asked whether the association of thesethis shows that septation was an accurate readout of
spindle checkpoint components to the kinetochorethe integrity of the spindle checkpoint in the checkpoint
would give any indication of the role played by Ark1/assay.
survivin in spindle checkpoint activation. Each check-
point protein transiently associated with the kineto-
chores during an unperturbed mitosis (Figures 4A2, 4A3,Ark1 Function Was Required for the Generation
of the Complex Containing Mad2 and Mad3 and 4A4, left column, and [29–31]). The proportion of
cells in which Bub1-HA and Mad3-GFP localized to thethat Forms in Response to
Microtubule Depolymerization kinetochore and Mad2-GFP showed level 2 staining of
kinetochores rose dramatically when the spindle check-We next asked whether the inability to block the meta-
phase-to-anaphase transition in response to microtu- point was activated by depolymerizing microtubules
(Figures 4A2, 4A3, and 4A4, middle columns, and [29–bule depolymerization when Ark1/survivin was compro-
mised was due to a failure in the checkpoint response 31]). Mad3 and Bub1 associated with kinetochores of
Ark1-depleted cells when microtubules were depoly-itself, or to a specific defect in a downstream effector,
such as the APC/C. Activation of the spindle checkpoint merized (right panel, Figures 4A2, 4A3, and S4). The
migration in SDS-PAGE and the levels of Bub1 and Mad3promotes the formation of a complex between Mad2,
Mad3, and the fizzy-related protein Cdc20; this complex proteins were unaffected by compromising Ark1/sur-
vivin function (Figure S4). Level 2 Mad2-GFP stainingthen inhibits the APC/C to elicit cell cycle arrest [2, 29,
30]. We therefore asked whether this complex formed was not seen on mitotic kinetochores of cut17.275 cells
of the frequency of septation at 150 min time point in different CBZ-challenged strains revealed a slight elevation in septation in Bub1-HA
(A2, middle panel). This strain has wild-type behavior in microtubule drug sensitivity colony assays [31], suggesting that, if there is a minor
checkpoint defect arising from the fusion of the epitope tag to Bub1, it is very subtle. Moreover, any subtle influences of the tag on checkpoint
function do not affect the affinity of Bub1-HA for the kinetochore [31]. Mad2-GFP associated with kinetochores to give level 1 staining, but
did not accumulate to level 2 when cut17.275 cells were challenged with CBZ ([A4] and [E]). (We did not isolate cells of the mad2.GFP ark1
shut off genotype: see the Supplemental Data).
(B) Anti-GFP immunoprecipitates from synchronized, CBZ-treated, mitotic (100 min time point) cells of wild-type (IH365) and Mad3-GFP
(IH2688). Blots were probed with either anti-GFP (upper) or anti-Mad2 (lower) antibodies. Mad2 only associated with Mad3-GFP when ark1
was expressed.
(C) A bar chart of the association of checkpoint proteins with kinetochores of cells at the 100 min time point. Cells were only scored if Plo1
antibody recognition of the SPB indicated that they were in preanaphase stages of mitosis. A total of 200 cells were scored for each strain.
Only level 2 intensities of Mad2-GFP fluorescence were monitored; level 1 intensities are represented as “No signal”.
(D) Western blots of mitotic total cell extracts from a cut17.275 mad2.GFP strain (from [A4], time point 100 min) probed with antibodies to
GFP and Cdc2.
(E) Mad2-GFP localization in asynchronous cut17 (upper), drug-treated mitotic cut17 (middle) and drug-treated mitotic cut17.275 cells from
the 100 min point in (A). “1” and “2” indicate level 1 and level 2 Mad2-GFP signals, respectively, in a wild-type mitotic cell. The shift in Mad2-
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